Introduction
Laser ablation of polymer [1] [2] [3] [4] has been extensively studied for scientific interest and industrial application. In order to describe the relationship of the observed etch depth of polymer versus the incident laser intensity, it is important to follow how the incident laser attenuate in an absorbing target. Although Beer's law is often applied to the transmission behavior of light in polymer, it should be limited to the phenomena induced with a weak light. In the use of a laser as a light source, an absorption coefficient (a) becomes variable against light intensity. Pettit and Sauerbrey [5, 6 ] made a theoretical model including nonlinear effects such as chromophore saturation and multiphoton excitation in the absorption process. Their theoretical analysis could explain the observed nonlinearity in transmission characteristics of polyimide subjected to intense KrF laser irradiation. In addition, the studies [7] [8] [9] on the transient absorption of several doped polymers suggested that the transients yielded upon irradiation increased the absorption within duration of laser pulse.
Here, we suggest a new approach to obtain the absorption coefficient depending on laser intensity through transmission measurement and the theoretical analysis.
Experimental
Poly(methylmethacrylate) (PMIMA, Wako) and benzil (98%, Wako) were used as received. Benzil as douant was dissolved in a PIMA acetone solution with the concentration of 2x10 mol/g PMMA. A thin film was spincoated on a quartz plate with the thickness of 0.5 µm. Thick films of 100 µm were prepared by casting from the PMMA solution. The samples were dried in vacuum at room temperature for 1 to 2 days. The thin films on quartz plates were used as samples to measure the laser intensity dependence of transmission of the films.
A KrF laser (248 nm, FWHM 30ns, Lambda Physik, EMG201MSC) was used as a light source. Incident laser energy and transmitted laser energy were measured simultaneously with two pyroelectric detectors (ED-200 and ED500 Fast-Response Joulemeter, Gen-Tec Int.). Laser ablation of the thick films was carried out upon singlepulse irradiation. Depth profiles were determined with a Stylus instrument (Talystep, Taylor-Hobson).
Results and discussion
The transmission (II /Io) of PIMA doped with benzil as function of the incident laser intensity (Is) was shown in Fig. 1 . Although the transmission of the film irradiated with laser can be measured, the transmission behavior of definite depth layer of the film is unknown. In order to study the transmission behavior at each depth, firstly, we determined the absorption coefficient dependent on laser intensity, which is the nonlinear absorption coefficient (a), as shown in Fig.2 . Our approach to obtain a is to regard -1/Z,ln(11/Io) I. Photopolym. Sci. Technol., Vo1.11, No.2, 1998 as the absorption coefficient at the middle laser intensity (I,,,), which is the middle point between incident laser intensity (1s) and transmitted laser intensity (Ii). Here, Zr is the thickness of the film. Next, we can find Im by using the following analysis.
In order to describe the transmission behavior, Beer's law was often used: al=-a01 az (1) where 1 is the laser intensity on depth z and a0 is an absorption coefficient. When the light source is KrF laser and the transmission is dependent on incident laser intensity, nonlinear absorption coefficient a is the function of depth z and I p as shown in Fig.2 . If the film thickness is Zt , we can obtain a relation among I, It, Zt and a(4, z):
o If a' is an average coefficient of the film when incident laser intensity is 4 , a' can be described by 
In the process to obtain (7), we assumed that a(I0 , z) monotonously increased or decreased, that a correlated with z almost linearly, and that the film thickness was thin. In that case, nonlinear absorption coefficients at the depth of half thickness of the film are equal to the average absorption coefficients. The laser intensities at the depth are described as (I])112.
The laser intensities at depth z in the film were dependent on incident laser intensities. Here, we assumed that the nonlinear absorption coefficient was expressed by definite laser intensity (1) instead of incident laser intensity (I , l p' ... ) and depth (z, z' ... ). From (5) and (7) we can obtain nonlinear absorption coefficient:
According to our above-mention of nonlinear absorption coefficient, we can obtain the relation between nonlinear absorption and laser intensity by the following three steps. (i) We measure the relationship of the transmission versus incident laser intensity under laser irradiation through the film. (ii) we calculate the average a' from transmission (It ho) and the thickness of the film, and obtain the a' versus incident laser intensity relationship. (iii) we change an average absorption coefficient, a', under irradiation at an incident laser intensity Io to a nonlinear absorption coefficient at a definite laser intensity (4 = (It 1o)12). As a result, we obtain the relationship of the nonlinear absorption coefficient versus laser intensity (a = a(1)), as shown in Fig.3 . After we got the data a =a(1), we calculated the etch depth by using the following equation:
I th Zth =f a -(jjd In I (9) a Here Ith is the threshold laser intensity of laser ablation. We hypothesize that ablation begins at the laser intensity above 1 h wherever ablation occurs in or on the film. In this way we can obtain the relationship of Zth versus I~ if we select 1h. This is just the relationship of the etch depth versus the incident laser intensity.
On the basis of the data of a (1) in Fig.3 and (9), we fitted the etch depth versus laser intensity. As shown in Fig.4 , the fluence of 130 mJ/cm2 was determined as the threshold of the incident laser intensity 1h . As a result, we obtained good fitting to the experimental data. On the other hand, according to Beer' law, (9) turns to Z 1 XIn1~ th (10) ao to where c 0 is a linear absorption coefficient of the film measured upon irradiation with a weak light source at 248 nm. Although Pettit et. al. [6] have suggested the saturated and multiphoton model, in the case of the polymer doped with organic compound having different types of chromophores, the model is not so easy to fit the experimental data. For example, in the case of PMMA doped with pyrene, the transmission decreased as incident laser intensity increasing [8] . By using our method, we can know the actual absorption coefficient and use it to fit the experimental data. The further study consists of time-resolved measurement and completes theoretical analysis by introduction of a time variable.
Conclusion
We developed a novel method to measure the nonlinear absorption coefficient of doped polymer.
The method was proved to be valid through fitting the experimental data of etch depth.
We hope to make more insight to interaction between laser and polymer, which is different from low intensity light system.
We also suggested a general method to know absorption behavior of polymer in laser ablation.
